The M-theory interpretation of certain D=10 IIA p-branes implies the existence of worldvolume Kaluza-Klein modes which are expected to appear as 0-brane/pbrane bound states and hence as solutions of the effective IIA supergravity field equations. We construct these supergravity solutions for p = 1, 4, 8. This confirms the current D=11 interpretation of the string and 4-brane, and provides evidence for a previously suggested D=11 9-brane origin for the IIA 8-brane. A similar M-theory interpretation of the IIA 4-brane/8-brane bound states requires the existence of a 5-brane/8-brane bound state, for which we also construct the corresponding supergravity solution.
Introduction
There is now ample evidence that the IIA superstring theory is an S 1 compactification of an 11-dimensional supersymmetric quantum theory called M-theory.
It was pointed out in [1, 2] that this interpretation requires the presence in the non-perturbative IIA superstring theory of BPS-saturated particle states carrying Ramond-Ramond (RR) charge, corresponding to the Kaluza-Klein (KK) modes of D=11 supergravity, and it was argued that these should be identified with the IIA 0-branes. At the time, the only evidence for the required 0-branes was the existence of extreme electric 'black hole' solutions of the effective IIA supergravity theory [3] , but their presence in the IIA superstring theory was subsequently confirmed by the interpretation of D-branes as the carriers of RR charge [4] .
Actually, one needs not just the D-0-brane, for which the effective field theory realization is the extreme black hole of lowest charge associated with the first KK harmonic, but also a bound state at threshold in the system of n D-0-branes for each n > 1, a prediction that has still to be confirmed although there is good evidence that it is true [5] . Assuming that these bound states exist, M-theory provides a KK interpretation of the D-0-branes of IIA superstring theory. However, as emphasized in [1] , all the IIA p-branes must have a D=11 interpretation. Indeed, many of them can be interpreted as reductions, either 'direct' or 'double', of D=11 branes, i.e. M-branes. The cases of interest to us here are those IIA p-branes that that have a D=11 interpretation as (p+1)-branes wrapped around the compact 11th dimension.
The massless worldvolume action for the D=10 p-brane is then a dimensional reduction on S 1 of the worldvolume action of the (p+1)-brane of M-theory. Thus, the D=11 interpretation of these D=10 p-branes requires the existence of massive particle-like excitations 'on the brane' that can be identified with the KK harmonics of the 'hidden' S 1 . From the D=10 string theory perspective these excitations can only be BPS-saturated 0-brane/p-brane bound states [6] . Moreover, since the worldvolume KK states preserve 1/2 of the (p+1)-dimensional worldvolume supersymmetry and the p-brane preserves 1/2 of the spacetime supersymmetry, 2 these bound states must preserve 1/4 of the spacetime supersymmetry. The IIA p-branes for which we should expect to find such bound states are (i) the 1-brane, i.e. the fundamental IIA superstring, since this is a wrapped D=11 membrane,
(ii) the D-4-brane, since this is a wrapped D=11 fivebrane, and possibly (iii) the D-8-brane.
The required bound states are not difficult to identify in case (i). A fundamental string can end on a 0-brane; actually, charge conservation requires a 0-brane to be the end of at least two fundamental strings. Two such strings can be joined at their other ends to produce a closed string loop with a 0-brane 'bead'. One could replace the 0-brane by a bound state of several 0-branes. Thus, the bound states We shall show that solutions representing 0-branes within p-branes preserving 1/4 of the supersymmetry exist for p = 1, 4 and 8 but not otherwise. This confirms the standard D=11 interpretation of all the type II p-branes with p ≤ 6; it also provides some evidence for the suggestion of [7] that the IIA 8-brane should be regarded as an S 1 -wrapped M-theory 9-brane. The existence of these solutions for p = 0 mod 4, and their absence for p = 2 mod 4, is also consistent with the 'D-brane intersection rules' [8, 9] for supersymmetry preserving D-brane intersections, and with a previous partial construction by other methods [10] . 3 We shall use the notation (q|q, p) to represent a q-brane within a p-brane preserving 1/4 of the supersymmetry. This is the special case of (r|p, q), which we use to denote a solution representing an r-brane intersection of a p-brane with a q-brane. Thus, in this notation the supersymmetric solutions representing a 0-brane within a p-brane are (0|0, 1), (0|0, 4) and (0|0, 8). The (0|0, 1) and (0|0, 4) solutions have magnetic duals, which are (5|5, 6) and (2|2, 6), respectively. In the latter case both branes are D-branes so that the D-brane intersection rules apply and the existence of the solution confirms the rules. In fact, the existence of both these solutions is required by M-theory. To see this recall that the D=11 interpretation of the 6-brane is simply as a D=11 spacetime of the form H 4 × M 7 where H 4 is a particular (non-compact) hyper-Kähler manifold and M 7 is 7-dimensional Minkowski spacetime [1] . Clearly, there is nothing to prevent the worldvolumes of either the D=11 membrane or fivebrane from lying within the M 7 factor, and from the D=10 perspective this is a membrane or a 5-brane within a 6-brane.
The effective field theory realization of the IIA 8-brane is rather special since it couples to a 9-form potential which is absent from the standard IIA supergravity. A 9-form potential has no local degrees of freedom in D=10 but it does have one global degree of freedom which can be interpreted as the D=10 cosmological constant. Thus the relevant effective action is actually the 'massive' IIA supergravity [11] . This supergravity theory indeed has an 8-brane solution [12, 7] , which can be indentified as the effective field theory realization of the D-8-brane, but the massive IIA supergravity is not obtainable from D=11 supergravity by dimensional reduction. This obscures the M-theory interpretation of the IIA 8-brane, in particular its potential interpretation as an M-theory 9-brane. Another difficulty is that one might expect a D=11 ninebrane to couple to a 10-form gauge field.
The introduction of such a field would be essentially equivalent to the introduction of a cosmological constant in D=11, but there is no known modification of D=11 supergravity that allows this possibility. On the other hand, a ninebrane that has no coupling to a 10-form potential would be expected to be unstable.
Despite these difficulties, the interpretation of the IIA 8-brane as an M-theory 9-brane remains an attractive possibility. For example, one can suppose that each of the two D=10 boundaries of the D=11 spacetime appearing in the interpretation of the E 8 ×E 8 heterotic string as an S 1 /Z 2 compactification of M-theory is actually a coincidence of eight ninebranes that also coincide with the two fixed points of Z 2 . This interpretation is suggested by the conjectured equivalence of the S 1 -compactified type I' superstring with S 1 × S 1 /Z 2 compactified M-theory [13] . If so, the E 8 gauge invariance might be a result of the coincidence of the ninebranes, with the dynamics of an individual ninebrane being described by a worldvolume field theory based on the D=10 superMaxwell multiplet (i.e. super Yang-Mills with gauge group U (1)). This is consistent with the known field content of the IIA D-8-brane because the reduction of the D=10 super Maxwell multiplet to D=9 indeed gives the right worldvolume field content. Moreover, the absence of scalars in the D=10 Maxwell multiplet would imply that the 9-brane cannot move in the 11th dimension. This is consistent with the scenario in which 9-branes are fixed at the boundaries of the 11-dimensional spacetime and may provide a resolution of the instability problem in the absence of a 10-form potential.
The D-brane intersection rules also allow the possibility of a 4-brane within an 8-brane, and the metric for this solution is already known [10] . Given the M-theory However, it would also be possible to reduce along a direction parallel to the 9-brane but orthogonal to the 5-brane. This would lead to a (5|5, 8) solution, which is therefore required to exist by the M-theory 9-brane interpretation of the IIA 8-brane. We confirm its existence both indirectly by connecting it to known solutions via a 'duality chain' and by a direct construction. 
where (in the terminology of [15] ) U, V are harmonic function of the overall transverse space E 6 and J 1 ⊕ J 2 is a complex structure on the relative transverse space
. Double-dimensional reduction along one of the relative transverse directions results in the following (0|1, 2) solution of IIA supergravity:
where x is the string coordinate. Next, using the T-duality rules of [18] to T-dualize along one of the directions of the 2-brane, we get the (
where ϕ is the IIB dilaton. Finally, we transform (2.4) using T-duality along the 7 u coordinate to get the following (0|1, 0) ≡ (0|0, 1) solution of IIA supergravity:
(2.5)
These solutions give the long range fields of the KK modes that arise from the wrapping of the D=11 membrane on S 1 to give a D=10 string.
Before proceeding we pause to remark that the magnetic dual of this solution can be found from the (3|5, 5) M solution of M-theory by the following duality chain: In the second step we have T-dualized in a direction parallel to the IIA 5-brane, which is mapped to the IIB NS-NS 5-brane under this operation. The final (5|5, 6) solution, dual to (0|0, 1), is
where U, V are harmonic functions on the Euclidean transverse space E 3 and ⋆ is the Hodge dual for E 3 .
We turn next to the (0|0, 4) case. This can be found from the following duality chain,
where the first step is the direct reduction to D=10 of the D=11 solution. The 8 resulting (0|0, 4) solution is 9) where U, V are harmonic functions on E 5 and ⋆ is now the Hodge dual for E 5 . The magnetic dual of this solution is (2|2, 6), which can be found from the duality chain
The final (2|2, 6) solution is 11) where U, V are harmonic functions on E 3 and ⋆ is the Hodge dual for E 3 .
We remark that both (0|0, 4) and its magnetic dual (2|2, 6) can also be found from (1|2, 5) M as follows: (2.14)
In the first step, the common string intersection is wound around the 11th dimension. In principle the 7-brane appearing in the penultimate solution is the image of the D-7-brane under the strong/weak coupling duality of IIB superstring theory interchanging the fundamental IIB string with the D-string. However, the 7-brane solution of IIB supergravity needed for the construction is the 'circularly symmetric' one of S 1 -compactified IIB supergravity since, as shown in [7] , it is this solution that is mapped to either the 6-brane or the 8-brane solution of S 1 -compactified IIA supergravity. Thus, the distinction between the IIB 7-branes of uncompactified IIB superstring theory arising from distinct Sl(2, Z) monodromies is not relevant here. A further point is that the T-duality transformations to be used in the last link of the duality chain are the 'massive' ones of [7] connecting solutions of IIB supergravity with those of the massive IIA supergravity theory. Apart from these subtleties, the construction proceeds as before with the final result
where U, V are harmonic functions of y (in the sense of [7] ).
We now turn from 0-branes within 8-branes to 4-branes within 8-branes. A (4|4, 8) solution follows from the duality chain
where (2|2, 6) is the solution (2.11). We find In the first step we wrap one of the fivebranes around S 1 in a direction orthogonal to the string intersection. In the second step we T-dualize in a direction parallel to the 5-brane but orthogonal to the 4-brane. Iteration of this procedure yields the final result, with the massive T-duality rules being needed for the last step. The result is We have shown that the list of such solutions is compatible both with the current M-theory interpretations of the IIA p-branes with p ≤ 6, and with a previously suggested interpretation of the IIA 8-brane as an M-theory 9-brane [7] . In the latter case, a future analysis at the level of D-brane effective actions, along the lines proposed recently for the study of 0-brane/4-brane bound states at threshold [6] , will hopefully establish the existence of similar bound states in the 0-brane/8-brane system.
